Proprioceptive processing is important for appropriate motor control, providing error-feedback and internal representation of movement for adjusting the motor command. Although proprioceptive functioning improves during childhood and adolescence, we still have few clues about how the proprioceptive brain network develops. Here, we investigated developmental changes in the functional organization of this network in early adolescents (n = 18, 12 ± 1 years), late adolescents (n = 18, 15 ± 1), and young adults (n = 18, 32 ± 4), by examining task-evoked univariate activity and patterns of functional connectivity (FC) associated with seeds placed in cortical (supramarginal gyrus) and subcortical (dorsal rostral putamen) regions. We found that although the network is already well established in early adolescence both in terms of topology and functioning principles (e.g., long-distance communication and economy in wiring cost), it is still undergoing refinement during adolescence, including a shift from diffuse to focal FC and a decreased FC strength. This developmental effect was particularly pronounced for frontostriatal connections. Furthermore, changes in FC features continued beyond adolescence, although to a much lower extent. Altogether, these findings point to a protracted developmental time course for the proprioceptive network, which breaks with the relatively early functional maturation often associated with sensorimotor networks.
Introduction
Proprioception, namely our sense of body position and movement, is critical for proper control of goal-directed movements in daily life. It provides error-feedback that allows the motor command to be adjusted with a certain delay in case the movement was inaccurate and did not achieve the desired goal. It also largely contributes to forming internal representations of the body and its kinematics, which are key components of internal forward models that adjust and refine movement in real time (Wolpert et al. 1995; Wolpert 1997; Desmurget and Grafton 2000; Shadmehr and Krakauer 2008) . Using a copy of the motor command and stored internal representations of one's own body and its interaction with the external world, these models make predictions of the sensory consequence of the movement and any discrepancy with the actual sensory feedback triggers a real-time modulation of the motor command. Therefore, proprioception not only plays a crucial role in movement control by providing sensory feedback signals but also by contributing to the generation of internal body representations that are necessary for movement monitoring.
Age-related changes have been found regarding both proprioceptive feedback and prediction through internal models. Studies on limb matching, which provide information concerning the ability to use proprioceptive feedback to estimate limb position, revealed a continuous improvement of the proprioceptive acuity from childhood to late adolescence (Visser and Geuze 2000; Goble et al. 2005; Pickett and Konczak 2009; King et al. 2010 King et al. , 2012 . Furthermore, differences between children and adults in activating internal models during simulation of imaginary movement (Choudhury et al. 2007; Skoura et al. 2009) , and in updating internal models when executing movement in a new environment using proprioceptive inputs (Cignetti et al. 2013) , support the notion that these models undergo refinement during adolescence.
Improvement in these different aspects related to proprioceptive functioning during adolescence likely reflects developmental changes in central proprioceptive processing. First, maturation of peripheral somatosensory pathways is relatively complete by 5 years of age (Eyre et al. 1991; Garcia et al. 2000) . Second, magnetic resonance imaging (MRI) studies point to adolescence as a period of continued structural brain development (Blakemore 2012) , outlining gray matter loss Sowell et al. 2001 Sowell et al. , 2003 Gogtay et al. 2004; Lebel et al. 2008 ) and increase in white matter Sowell et al. 2003; Lebel et al. 2008 ). This particularly applies to frontal, parietal, and striatal regions which are all heavily involved in central proprioceptive processing. Tendon vibration in functional MRI (fMRI) revealed that proprioceptive processing not only involves preand postcentral regions supporting sensorimotor function (e.g., primary somatosensory cortex and primary motor cortex), but also frontal and parietal regions [e.g., supplementary motor area (SMA), inferior parietal lobule, and inferior frontal gyrus] likely to be involved in the modulation of the activity of the primary cortices and in higher-order perceptuo-proprioceptive processes such as corporeal awareness (Naito et al. 1999 (Naito et al. , 2007 Goble et al. 2011 Goble et al. , 2012 Cignetti et al. 2014) . For instance, data from Cignetti et al. (2014) indicate that awareness of illusory movement during tendon vibration emerges from activation of a right inferior frontoparietal network, meaning that this network contains stored movement representations that are activated and primed to consciousness during proprioceptive processing. There is also evidence that the striatum, especially the putamen (PUT), serves as a proprioceptive analyzer falling somewhere along the continuum between lower-level primary somatosensory and higher-order secondary-associative cortical regions (Goble et al. 2012) . Therefore, the relative prominent gray and white matter changes that occur during adolescence in frontal, parietal, and striatal regions, probably reflecting continuous axonal myelination and synaptic pruning (Blakemore 2012) , may significantly influence proprioceptive processing through restructuring of the functional proprioceptive network.
A possible functional consequence of synaptic elimination is the transition with age from widespread to more focal (spatially limited) patterns of activation and functional connectivity (FC) as reported in task-evoked and resting-state fMRI studies (Durston et al. 2006; Kelly et al. 2009; Jolles et al. 2011) . Investigating whole-brain resting-state FC, Jolles et al. (2011) demonstrated a decrease in the size (i.e., the number of voxels) of the functional networks as well as in the correlation strength (i.e., the correlation value) between voxels of the networks in adults compared with children, especially in networks associated with complex cognitive functions (e.g., the executive control network). Examining cingulate-based resting-state connectivity networks, Kelly et al. (2009) revealed more diffuse FC patterns and increased FC strength with regions close to the anterior cingulate cortex (ACC; i.e., the seed region of interest) in children compared with adults. Additionally, adults showed an increase in the number of significantly correlated voxels at long distance from the seed region, more marked for cingulate-based networks associated with emotional and social functions. Such strengthening of long-distance FC would mainly relate to microstructural changes associated with increased neuronal myelination that occurs during adolescence Kelly et al. 2009 ). Further resting-state fMRI studies corroborate a shift from a more local arrangement of the networks in children to a more distributed organization in adults Fair et al. 2009; Supekar et al. 2009 ). Therefore, adolescence appears to be a time of important restructuring in network connectivity, separating rather over-connected and undifferentiated networks in children from more specialized networks in adults. On the basis that task-evoked FC is shaped to some extent by intrinsic FC at rest (Fox et al. 2006; Fox and Raichle 2007) , the proprioceptive network may be restructured during adolescence following the above developmental differences in functional brain connectivity.
The present study builds on this premise and examines the maturing functional brain connectivity underlying proprioceptive processing during adolescence. Beyond providing specific information on the development of somatosensory loops at the brain level, outcomes should contribute, more generally, to increasing our understanding of the way FC develops during adolescence. Especially, the rich inter-regional interactions covering different parts of the cerebrum and the subcortex during proprioceptive processing may reveal regional differences in the time course of maturation of certain functional connections, as might be the case between the cortico-cortical connections and the cortico-striatal connections (Menon 2013 ). Findings will also provide information on whether principles of functional network development as obtained using an explicit (sensory) task requirement correspond to those revealed using resting-state data and that dominate the field (Biswal et al. 2010) . To this end, early adolescents (ADO-1; 11-13 years), late adolescents (ADO-2; 14-18 years), and adults (ADU; 25-40 years) were scanned following a tendon vibration paradigm designed to reveal the proprioceptive network (Cignetti et al. 2014) . Change in blood-oxygen level-dependent (BOLD) activity evoked by stimulation of the muscle spindles was analyzed in the context of the general linear model (GLM), by associating classic univariate activity analysis with beta-series correlation analysis (Rissman et al. 2004; Gazzaley et al. 2007) . Beta-series analysis allowed FC between seed regions [located in the PUT and the supramarginal gyrus (SMG); see Materials and Methods for details] and all others voxels in the brain, that is, inter-regional FC, to be evaluated during proprioceptive processing. We anticipated more widespread and overconnected FC patterns in ADO-1 and ADO-2 compared with ADU, although developmental effects might vary depending on proprioceptive network subsystems (cortical-subcortical connections vs. cortical-cortical connections) and wiring distance of the connections.
Material and Methods

Participants
The sample includes 54 healthy right-handed individuals, including 18 ADO-1 (mean age ± SD: 12 ± 1 years; 10 females), 18 ADO-2 (mean age ± SD: 15 ± 1 years; 10 females), and 18 ADU (mean age ± SD: 32 ± 4 years; 9 females). Sex distributions did not differ between the age groups, χ 2 (2, n = 54) = 0.15, P = 0.93.
All participants were recruited from the general population through newspaper advertisements and information sessions in local high schools and workplaces. Adult participants and parents of minors who participated in the study gave written informed consent. The study was approved by the research ethics committee CPP Sud-Méditerranée 1.
Paradigm and fMRI Data Acquisition
Proprioceptive processing was examined using a tendon vibration paradigm as previously implemented in fMRI by Cignetti et al. (2014) . It consisted in vibrating the tendons of the tibialis anterior muscles to excite the muscle spindle primary endings. We used custom-made pneumatic vibration devices, driven by constant air pressure, placed perpendicular to the right and left tendons using elastic straps (contact area = ∼6 cm 2 ). The devices were controlled using a custom software developed in LabVIEW (National Instruments, Austin, TX, USA). The amplitude of the vibration stimulus was about 0.5 mm and the frequency of either 30 Hz or 100 Hz, leading to 4 vibration conditions: Right and left tendon vibration at 30 Hz (R30 and L30) and 100 Hz (R100 and L100). The 30 and 100 Hz stimulations drive weak and strong discharges of the primary endings, respectively, so that the former frequency served as the reference condition and the latter as the activity condition.
The experiment started with a familiarization session during which the participants experienced 12-s long R30, L30, R100, and L100 vibrations with their eyes closed outside the scanner. The participants were lying supine and their lower limbs were supported in a bent position at the knee, so that feet did not rest on the bed. Eight vibratory stimulations in total (each condition having been repeated twice) were presented to the participants in a randomized order. The vibration conditions were followed by rest periods during which the participants were questioned as to whether stimulation generated illusory movements and had to verbally describe them. Accustoming the participants to self-report on proprioceptively evoked illusory movements was important given that presence/absence of illusions was monitored during fMRI scanning. Indeed, a fraction of the variance in activation of certain brain regions during proprioceptive processing (i.e., right inferior parietal lobule and inferior frontal gyrus) may relate more to illusory movement awareness than sensory integration per se (Cignetti et al. 2014) , so that we considered this information in our models (see the Covariates section). While 30 Hz stimulation did not elicit illusory movements, 100 Hz stimulation provided consistent illusory movements (i.e., ankle plantar-flexion) in most of the participants (49 of 54, 18 ADO-1, 16 ADO-2, and 15 ADU).
The subjects were subsequently placed head first and supine into a 3-T fMRI scanner (Medspec 30/80 AVANCE, Bruker, Ettlingen, Germany) with arms resting at the body sides and lower limbs supported in the same position as in the familiarization session. Supports were used to minimize head movement, including a soft strap attached around the head and air pads placed in between the lateral sides of the head and the radio-frequency head coil. The participants also wore a headphone for communication purpose. The scanning session was composed of 5 runs including 12-s long conditions (epochs) of vibration (R30, L30, R100, and L100) and REST (i.e., no vibration). Each vibration condition was repeated 3 times per run. The order of vibration conditions were randomized within a run and REST epochs were inserted between all vibration conditions to ensure relaxation of muscle spindles. REST epochs were followed by a variable delay (mean interstimulus interval: 1000 ms) obtained from exponential distribution to ensure random subsampling of the brain volume relative to each of the vibration conditions (Hagberg et al. 2001) . fMRI time series were acquired with a T 2 *-weighted gradient echo-planar imaging sequence (42 interleaved axial slices acquisition; 3 mm thickness; 0.5 mm interslice gap; reco matrix = 64 × 64; field of view = 192 × 192 mm; repetition time = 2.8 s; echo time = 30 ms; flip angle = 84°). The scanning planes were parallel to the anterior commissure-posterior commissure and covered the top of the cortex down to the base of the cerebellum. At the end of each run, participants were questioned as to whether or not they experienced illusions in each vibratory condition and had to provide binary responses (yes/no) using a finger button response system. Answers confirmed the distribution observed during the familiarization session with 49 out of the 54 participants having experienced illusory movements for the R100 and L100 stimulations in all runs and the other 5 participants having never experienced any illusions. Finally, structural MRI data were acquired using a three-dimensional T 1 -weighted scanning sequence (MP-RAGE; repetition time = 9.4 ms; echo time = 4.4 ms; inversion time = 800 ms; field of view = 256 × 256 mm × 180 mm, reco matrix = 256 × 256 × 180).
fMRI Data Analysis
Image preprocessing and statistical fMRI data analysis were conducted with SPM8 (Wellcome Department of Imaging Neuroscience, London, UK) running in Matlab 7.5 environment (Mathworks, Inc., Sherbon, MA, USA) and custom-made Matlab scripts. Each run included 113 images, including 6 dummy images of magnetic field saturation, that were discarded. The remaining images were (1) slice-time corrected, (2) realigned to the first image of the time series to correct for head movement between scans, (3) unwarped to remove residual movement-related variance (Andersson et al. 2001) , and (4) co-registered to highresolution structural data. The structural image was normalized to the MNI T 1 template image and the resulting parameters were used for normalization of the functional images, which were resampled to 3-mm isotropic voxel size and smoothed with an 8-mm FWHM Gaussian kernel.
Univariate analysis of fMRI data followed the methodology outlined in Cignetti et al. (2014) . Task-dependent changes in BOLD signal were modeled as boxcar regressors time-locked to the onsets of the vibration (R30, L30, R100, and L100) and REST conditions. These regressors were convolved with the canonical hemodynamic response function (HRF) of SPM8 and entered into the GLM. Constant terms and realignment parameters (3 translations and 3 rotations) were also included into the GLM as covariates of no interest to account for shifting signal levels across runs and influence of head motion on BOLD signal, respectively. A high-pass filter (cutoff period = 128 s) was applied to remove low-frequency drifts in the data. Maps of parameter estimates were computed from the GLM to reveal the magnitude of activation of the regions subtending proprioceptive processing (i.e., SPM{t} maps of the contrast 100 > 30). Individual maps were then entered into a second-level random-effects GLM to evaluate group differences in proprioceptively evoked activation. A conjunction analysis was also conducted to reveal areas that were commonly active during proprioceptive processing in all 3 groups. This served to define seed regions of interest (ROIs, i.e., spherical seeds with a radius of 5 mm covering 19 voxels) that were used afterwards in the beta-series correlation analysis. In our case, seeds were located in the right and left SMG and PUT ( Fig. 1) because we wished to differentiate as much as possible cortical-cortical (i.e., seeds in SMG) from cortical-subcortical (i.e., seeds in PUT) interactions within the proprioceptive network.
Beta-series correlation analysis was implemented following Rissman et al. (2004) guidelines. Specifically, we constructed a design matrix with 120 regressors (i.e., 24 regressors per run) corresponding to the different vibration and rest conditions, each of which was time-locked to the onset of the trial and convolved with the canonical HRF. The model included constant terms and motion parameters (3 translations and 3 rotations) as covariates of no interest and the data were filtered using a high-pass filter (cutoff period = 128 s) to remove low-frequency drifts. The least-squares solution of the GLM yielded a unique parameter estimate (beta-value) for each trial. Then, we generated FC maps for the 100-Hz trials (i.e., epochs of proprioceptive processing) by calculating the correlation between the seed's beta-series (averaged across the seed voxels) and the beta-series of all other voxels in the brain, each of which having counted 30 beta-values (i.e., 6 100 Hz vibrations per run × 5 runs). Hence, separate FC maps were generated for each of the 4 seed ROIs. Correlation magnitudes were converted into z-scores using the Fisher's r-to-z transformation (i.e., atanh ðrÞ= ffiffiffiffiffiffiffiffiffiffiffiffi ffi N À 3 p , where N was the number of betas used to compute the correlation coefficient). Second-level random-effects analyses were then conducted to evaluate between-group differences in z-transformed FC maps. Note that we considered beta-series correlation analysis to evaluate FC because (1) this technique has been experimentally validated through comparison with other measures of connectivity (e.g., coherence measures; Rissman et al. 2004) , (2) single-trial activity can be estimated accurately given that our design included 12-s long REST epochs at the end of every vibratory stimulation that allowed the BOLD response to fall almost completely, (3) variability of individual trials was taken into account, which offered a complementary view of brain development compared with the typical univariate approach.
Furthermore, we included (1) presence/absence of illusions, (2) gender (male/female), and (3) a summary measure of head motion (i.e., mean framewise displacement, labeled mean FD) as additional covariates in second-level univariate and beta-series models. Both illusions and gender were modeled as 0-1 covariates. Mean FD was continuous and corresponded to the mean head displacement over the 5 functional runs and was calculated as the summed absolute values of the derivatives of the translational and rotational realignment estimates (after converting rotational estimates to displacement at 50 mm radius; Power et al. 2012) , averaged over all scans. Accounting for head motion not only at the subject-level but also at the group-level was important given that motion significantly affects fMRI measures, especially FC (Satterthwaite et al. 2012; Van Dijk et al. 2012) , and because we observed significant (although weak) relationships between motion parameters and age (see the Result section). Furthermore, associating subject-level correction with the realignment parameters and group-level correction for mean FD appears as an optimal strategy to regress out motion-related artifacts from the data (Fair et al. 2012; Yan et al. 2013) . With respect to group-level analyses and comparisons, multiple comparisons correction of statistical maps was conducted using a cluster-based extent thresholding for P < 0.05 (FWER-corrected) calculated based on the Gaussian random field method and following previous recommendations (Woo et al. 2014) .
Finally, age-related changes in the size of the proprioceptive network were examined from FC maps by calculating the average number of voxels with a z > 3.1 (corresponding to a value of P < 0.001, uncorrected) within each group and for each ROI. The larger the number, the more widespread the connectivity network. Likewise, age-related changes in the strength of FC was evaluated by calculating the average correlation value of voxels with a z > 3.1 within each group and for each ROI, the larger the value the stronger the strength of the connections. This latter analysis was complementary to second-level random-effects analyses run on FC maps. Furthermore, we also examined the above 2 variables as a function of the Euclidean distance separating the center of the seed ROIs from the active voxels with a z > 3.1, by separating the data into 30-mm bins from 0 to 120 mm. Group differences in the average number of voxels and the mean correlation value as a function of ROIs and wiring distance bins were examined using ANOVAs. Post hoc NewmanKeuls tests tallied differences between the factors' modalities with a critical level for statistical significance set at P < 0.05.
Results
Movement Parameters
Translational and rotational realignment estimates indicated minimal head movements in all participants, with values of the quality control measures broadly comparable to standards reported in previous neurodevelopmental studies (e.g., Wenger et al. 2004; Kelly et al. 2009; Power et al. 2015) . Specifically, all participants exhibited within-run (1) maximal amplitude of translational and rotational displacements below 3 mm and 3°, respectively, (2) root mean square values for translation and rotation below 1 mm and 1°, respectively, and (3) mean FD below 0.2 mm. Summary statistics of movement parameters are presented in Supplementary Table 1. Despite minimal head movement, there were significant negative correlations between the maximal amplitude of translational displacement and age (n = 54; r = −0.26; P = 0.03), the maximal amplitude of rotational displacement and age (n = 54; r = −0.26; P = 0.03), as well as the mean FD and age (n = 54; r = −0.38; P < 0.01). Motion was therefore regressed out from within-and between-subject analyses to prevent from any motion-related spurious effect on activation and FC patterns (see Materials and Methods).
Univariate Data
Overall, the activation maps resulting from the t-contrast 100 > 30 looked similar for all 3 groups of individuals (Fig. 1A) , involving patterns consistent with the extensive literature on proprioceptive processing in adults (e.g., Naito et al. 1999 Naito et al. , 2007 Goble et al. 2011 Goble et al. , 2012 Cignetti et al. 2014 ). Significant activations were observed in the SMG and in the inferior frontal gyrus. Activation in the frontal gyrus also extended into adjacent regions, including the anterior insula, the claustrum, and the PUT. Activation was also observed in the midline complex SMA-ACC, spreading to other central regions such as the primary motor cortex. Further details on the proprioceptive network as revealed by the t-contrast 100 > 30 are available in Supplementary Table 2 .
Furthermore, the similarity of the proprioceptive networks between the ADO-1, the ADO-2 and the ADU was confirmed quantitatively, as assessed from the conjunction analysis (i.e., intersection of all the sets of voxels that satisfy 100 > 30 in the 3 groups of individuals) and the ANOVA run on the individual 100 > 30 activation maps. First, most of the above clusters remained significantly active following the conjunction analysis (Fig. 1B and Supplementary Table 3) . Second, the main effect ANOVA did not reveal any between-group differences with respect to the contrast magnitude. Therefore, the univariate analysis tends to indicate that the proprioceptive network is already well established in early adolescence.
Beta-Series Correlation Data
Size of FC Patterns Beta-series correlation analysis performed on the 100 Hz trials revealed between-group differences with respect to the size of the FC patterns. Examination of the connectivity maps for each of the 3 groups and each of the 4 ROIs revealed a clear decrease in the spatial extent of the FC pattern with development (Fig. 2) . Connectivity analysis conducted with the PUT as ROIs revealed significant peaks of FC in many subcortical and cortical (frontal and parietal) regions for the ADO-1, including especially the PUT, the caudate, the thalamus, the anterior insula, the ACC, the inferior, middle, and superior frontal gyri, the pre-and postcentral gyri, and the SMG. The number of regions of the PUTbased FC patterns greatly decreased in the ADO-2 and ADU, with significant clusters located only in the basal ganglia (PUT and caudate), the thalamus, the ACC, and certain regions of the precentral gyrus. A similar developmental trend was observed for the SMG ROIs. The ADO-1 patterns of FC were also widespread, extending over the same regions as those reported for the PUT-based analysis, although covering the inferior, middle, and superior frontal gyri to a much lower extent. The patterns were more focal in the ADO-2 and ADU with a significant decrease in the number of voxels in any region. Details with respect to regions showing significant FC peaks are presented in Supplementary Tables 4-7. Quantitative analysis using one-way ANOVAs with group as the independent variable and the number of voxels with a z > 3.1 as the dependent variable confirmed the previous developmental change in network size. There was a significant main group effect both on PUT-based FC patterns (F 2,105 = 21.18, P < 0.0001; Fig. 3A ) and SMG-based FC patterns (F 2,105 = 8.83, P = 0.0002; Fig. 3B ). In both cases, post hoc tests revealed a significantly greater average number of voxels for the ADO-1 compared with the ADO-2 and the ADU. In addition, the network size was marginally greater (P < 0.1) in the ADO-2 compared with the ADU as assessed from the PUT-based FC maps only. Altogether, the above results reveal an important diffuse-to-focal shift in connectivity patterns during adolescence, which seemed to continue to a much lower extent into adulthood.
FC Strength
Voxel-wise group comparisons run on PUT-based FC maps revealed increased connectivity in the ADO-1 compared with the ADO-2 (Fig. 4 and Supplementary Table 8 ). Clusters showing increased FC were mainly located in frontal regions, ranging from superior frontal gyrus to inferior frontal gyrus and along the midline (e.g., anterior cingulate gyrus and SMA), as well as in subcortical regions including the PUT and the thalamus. On the other hand, difference between the ADO-1 and the ADO-2 was rather marginal as regards SMG-based FC maps, with only few clusters (e.g., thalamus) showing increased FC in the ADO-1. In addition, we did not observe any difference between the ADO-2 and the ADU for both the PUT-based FC maps and the SMG-based FC maps. Hence, these results on the strength of FC between brain regions complement those on the size of the proprioceptive network, with the adolescence constituting an important period in the development of the proprioceptive network. Decreased FC mainly in connectivity between the PUT and frontal regions also indicates that fronto-striatal connections involved in proprioceptive processing undergo the most important changes during adolescence.
ANOVAs with group as the independent variable and the mean z-value of voxels correlated with the seed ROIs as the dependent variable confirmed prominent changes in FC strength during adolescence. There was a significant main group effect both for PUT-based FC patterns (F 2,105 = 11.84, P < 0.0001; Fig. 3C ) and for SMG-based FC patterns (F 2,105 = 8.02, P = 0.001; Fig. 3D) , with the mean z-value significantly higher in ADO-1 than in ADO-2 and ADU. Post hoc analysis of PUT-based data also revealed marginally greater mean z-value (P < 0.1) in ADO-2 compared with ADU, suggesting a tendency of network connectivity to keep developing after adolescence.
Voxel Distance Calculations
Group by distance from center of seed ROI ANOVAs revealed main effects of group and distance without interaction between factors with respect to the average number of voxels (F 2,204 = 28.69 and F 3,204 = 12.79, respectively, P < 0.0001; Fig. 5A ) and the mean correlation z-value (F 2,204 = 29.79 and F 3,204 = 12.79, respectively, P < 0.0001; Fig. 5B ). In other words, difference between the age groups as regards the size and the connectivity strength of the FC patterns remained the same across wiring distances. The group effect confirmed significantly more widespread (i.e., larger number of voxels) and strongly connected (i.e., larger mean z-value) FC patterns in ADO-1 compared with ADO-2 and ADU, in agreement with the previous analyses on the size of FC patterns and FC strength. Additionally, the strength of FC was found to be higher in ADO-2 compared with ADU (P = 0.03), strengthening the idea that the proprioceptive network is not yet fully mature in the late adolescent group. Finally, the distance main effect highlighted a significantly higher number of voxels correlated with the seeds at rather long distances (60-90 mm bin) and increased FC at short distances (0-30 mm bin).
Discussion
The present study investigated the development of the proprioceptive brain network from early adolescence (ADO-1, 11-13 years) through late adolescence (ADO-2, 14-18 years) to adulthood (ADU, 25-40 years). Overall, the results revealed (1) similar patterns of activation in ADO-1, ADO-2, and ADU, with core regions of the network already present and active to an adult level from early adolescence; (2) substantial changes in FC (shift from diffuse to focal FC and decreased strength of FC) between ADO-1 and ADO-2, resulting in a more restricted topology of the FC patterns resembling that of the activation pattern in late adolescence; and (3) marginal changes in FC properties between the ADO-2 and ADU, but without compelling network topology difference between the 2 groups. Taken together, these results suggest that the development of the proprioceptive network can be described through a core group of regions around which the network is already organized by the age of about 11-12, and other regions in the vicinity of the "core network" that are initially contributing to the network, and no longer from the end of adolescence. Adolescence appears therefore to be an important time window for fine-tuning or specialization of the proprioceptive brain network.
Developmental Changes in FC of the Proprioceptive Network
A main finding was the transition from diffuse to more focal FC patterns during adolescence, which echoes previous results on the development of intrinsic FC networks (Kelly et al. 2009; Jolles et al. 2011 ) and structural (gray matter) covariance networks (Zielinski et al. 2010) . These studies have suggested that the contraction of functional brain networks during adolescence relates primarily to decrease in gray matter density (Sowell et al. 2001 (Sowell et al. , 2003 , which is thought to reflect synaptic pruning (Giedd 2004; Gogtay et al. 2004; Sowell et al. 2004) . Likewise, structural changes associated with synaptic pruning may underlie the diffuse-tofocal shift in FC patterns reported here, contributing to the refinement of the proprioceptive network. Several studies on humans (Huttenlocher 1979; Huttenlocher and Dabholkar 1997; Petanjek et al. 2011 ) and nonhuman primates (Rakic et al. 1986 Bourgeois et al. 1994) have reported that synapse and dendritic spine loss, which starts at 4/5 years of age and continues up to adulthood, applies to the entire cerebral cortex as regard both the different cortical layers (e.g., layers III and V that contain cortico-cortical and cortico-subcortical projecting pyramidal neurons, respectively) and the different brain regions (e.g., the somatosensory, motor, and prefrontal cortices). Accordingly, a parallel exists between the ubiquitous aspect of synaptic pruning that covers the entire cerebral cortex and the diffuse-to-focal shift in FC that applies to the variety of cortical and subcortical regions of the proprioceptive network. Moreover, although synaptic pruning may explain more closely age-related change in the spatial extent of the networks, a computational study by Edin et al. (2007) demonstrated that this process increases neuronal coding specificity, resulting in a reduced amplitude of stimulus-evoked BOLD response. Synaptic pruning may, therefore, contribute not only to the diffuse-to-focal shift in connectivity patterns but also to the decreased FC strength during and beyond adolescence reported in the present fMRI experiment.
However, as has been previously acknowledged by several authors Fair et al. 2008; Kelly et al. 2009 ), structural changes (here, presumably of gray origin) alone are likely not sufficient to explain refinement of functional networks with development. This has to do with the absence of one-to-one mapping between structural and FC, certain functional connections commonly existing between regions with no direct structural connection (Honey et al. 2009; Goni et al. 2014) . In this regard, contraction of the FC patterns with age may also reflect experience-related changes in the patterns of regional coactivation evoked by the proprioceptive stimulation. An intriguing observation was that the FC patterns were pruned to a more restricted topology that is becoming increasingly comparable to that of the activation pattern during the progression to adulthood. Given that FC analysis using beta-series reveals core functional network as the typical univariate approach plus an array of interacting regions where populations of neurons are thought to be incompletely active, such as regions where only a subpopulation of neurons may ANOVAs indicated main effects of group and distance on both the average number of voxels and the mean z-value. Specifically, the FC patterns were more widespread (i.e., larger number of voxels) and strongly connected (i.e., larger mean z-value) in early adolescents (ADO-1) compared with late adolescents (ADO-2) and adults (ADU).
The FC strength was also found to be higher in ADO-2 compared with ADU. Moreover, there was a greater number of correlated voxels at rather long distances from the seed ROIs (60-90 mm bin) and stronger connections for voxels proximal to the seed ROIs (0-30 mm bin). Statistics are provided in the text. Data are presented as mean ± SE. be active and/or the responsiveness of neurons to correlated inputs may not be optimal [see Rissman et al. (2004) for a discussion], network pruning with development likely concerns regions "loosely" related to proprioceptive processing. This lends credence to the idea that the proprioceptive network may be pruned during adolescence through an activity-dependent mechanism where repetitions of evoked activity stabilize functional connections that subserve typical proprioceptive processing and eliminate the others. Besides, such mechanism is also thought to impact upon the structural level, in determining which synaptic connections persist and which are eliminated during development (Changeux and Danchin 1976; Rakic et al. 1994 Rakic et al. , 2009 Innocenti and Price 2005) . Thus, stabilization and regression of functional and structural connections through evoked activation of the proprioceptive network may constitute a unified mechanism by which the network develops during adolescence.
It is worth noting that age-related changes in FC were independent of the spatial distance between connected brain regions. The size of functionally connected regions and the strength of FC decreased over both short and long distances from early adolescence to adulthood, which contrasts with the protracted increase in long-distance FC during adolescence reported in previous studies on the functional specialization of resting-state brain networks Fair et al. 2009; Kelly et al. 2009; Supekar et al. 2009 ). However, it has also been found that most of functional connections between distributed regions become stable from childhood to adolescence (Hwang et al. 2013 ). In addition, the time course of maturation of long-distance connections would be longer for networks in charge of "higher-level" functions (e.g., emotional and social functions) compared with brain networks associated with sensorimotor processing that are already highly mature by late childhood (Kelly et al. 2009; Jolles et al. 2011) . Likewise, our results support the view that the proprioceptive network is already well established before entry into adolescence, including the integration of long-range connections that confer greater global efficiency in information transfer on the networks (AlexanderBloch et al. 2013) . In addition, short-distance connections were found to be greater than long-distance connections from early adolescence in terms of strength (Fig. 5) . Such decay of FC with the distance supports a brain organization grounded on the fundamental principle of minimization of connection distance or wiring cost, which would favor high local efficiency in information transfer (Bullmore and Sporns 2012; Alexander-Bloch et al. 2013; Cao et al. 2014) . Thus, economy in wiring cost appeared to be already a hallmark of the organization of the proprioceptive brain network in early adolescence. To sum up, our findings suggest that the proprioceptive network is already grounded on archetypal organization principles of functional brain networks in early adolescence, while continuing to be fine-tuned through pruning during and even beyond adolescence.
Of note, a parallel exists between the fine-tuning of the proprioceptive network reported here and improvement of the proprioceptive ability in adolescents. Behavioral studies showed that several aspects related to proprioceptive processing, including the use of proprioceptive information to estimate limb position (or proprioceptive accuracy) and to update internal models that are necessary for movement monitoring, continue to improve through adolescence into adulthood (Visser and Geuze 2000; Goble et al. 2005; Pickett and Konczak 2009; King et al. 2010 King et al. , 2012 Cignetti et al. 2013 ). Thus, one may speculate that refinement of the proprioceptive network is responsible, at least partially, for age-related changes in proprioceptive ability. Nevertheless, the perception of limb position and movement as well as the ability to update internal models depend also on more general cognitive abilities such as attention and working memory (Goble et al. 2005) , suggesting that other maturing networks (e.g., central executive network) may be important to explain behavioral data on the development of the proprioceptive ability.
Marked Changes in Fronto-Striatal Functional Connections
One striking result was the substantial decrease of FC between the PUT and frontal regions over adolescence (Fig. 4) , suggesting that the refinement of the proprioceptive network particularly applies to fronto-striatal connections. Interestingly, a closer look at this decreased fronto-striatal FC indicates different outcomes according to whether one considers striatal connections with posterior (e.g., SMA and ACC) or anterior (e.g., dorsolateral prefrontal cortex [DLPFC] and orbitofrontal cortex [OFC] ) regions of the frontal lobe. On the one hand, functional connections between the PUT and the posterior regions were found to be still engaged in the proprioceptive network of the late adolescents and the adults (Fig. 2) , although not to the same degree with respect to the strength (decreased FC) and the spatial extent (more contracted pattern of FC) when compared with the early adolescents. On the other hand, decreased FC between the PUT and the anterior, prefrontal, regions reflected the disengagement of these connections from the network by late adolescence (Fig. 2) . Studies on the segregation of FC loops in the human striatum help to contextualize this result (Di Martino et al. 2008; Draganski et al. 2008; Barnes et al. 2010) . It has been established in human adults that ROIs placed in the dorsal rostral PUT, as in the present experiment, reveal patterns of connectivity with somatomotor regions such as the SMA and the ACC, but not with prefrontal regions (e.g., DLPFC and OFC) that rather correlate with the ventral rostral PUT. Accordingly, disappearance of the connections between prefrontal sites and the PUT from the proprioceptive network may be due to increased functional segregation of the PUT subregions over adolescence. Although speculative, this assumption seems to be reasonable in the light of results obtained on rodents, which showed contraction of striatal projection fields of cortical (frontal) neurons during adolescence (Galinanes et al. 2009 ). Human data also come in support of this explanation by showing that segregation of functional circuits associated with subregions of the amygdala, which is phylogenetically very close to the striatum, is underway in the human adolescent brain (Qin et al. 2012) . A neurobiological account for segregation of FC patterns would be synaptic pruning and experience-dependent modulation of functional wiring (Galinanes et al. 2009; Qin et al. 2012) . In addition, a dedifferentiation of the functional subcircuits of the basal ganglia was reported in primates with dopamine-depleted striatum (Bergman et al. 1998 ). Thus, peaks of dopamine expression during adolescence (Padmanabhan and Luna 2014) may play a critical role in the segregation of fronto-striatal functional connections, thereby influencing the development of the proprioceptive network.
Limitations and Future Directions
The present findings give support for a specialization of the proprioceptive brain network during and beyond adolescence that would be substantially subtended by change in gray matter. However, although the field of developmental neuroscience has developed a common "shorthand" of interpreting brain MRI changes in terms of the underlying cellular processes, how age-related changes in gray matter exactly affect the BOLD signal is not clear (Luna et al. 2010) . Accordingly, an important direction for future works would be to focus on the relationship between gray matter maturation and the development of the proprioceptive network. A first approach may capitalize on the nonlinear (cubic) trajectory for age-related change in cortical thickness, which reflects a period of initial childhood increase ( peak thickness ∼10 years), followed by a thinning of gray matter in adolescence and then stabilization of cortical thickness in adulthood (Paus 2005; Shaw et al. 2008) . Examining whether the development of the proprioceptive network parallels this trajectory, involving presumably network expansion during childhood before pruning to a more restricted topology in adolescence, would confer further support to the gray matter contribution to network development. A more direct approach would evaluate whether age-related change in gray matter structural relationships between cortical nodes that make up the proprioceptive network replicate pruning during adolescence as observed using fMRI.
Another important avenue of investigation is that of whether age-related changes in the connectivity features of the proprioceptive network described here may relate to a certain extent to age-related changes in low-frequency BOLD fluctuations (i.e., "spontaneous" neuronal activity). Indeed, beta-series correlation analysis capitalizes on trial-to-trial variability to characterize dynamic inter-regional connectivity (Rissman et al. 2004 ). However, it is known that a fraction of trial-to-trial fluctuations in evoked BOLD signal is not related to the task, but results from spontaneous activity of the human brain, the task-related and spontaneous activity being linearly superimposed (Fox et al. 2006; Fox and Raichle 2007) . Comparing network development in particular somatosensory contexts and at rest and/or re-examining the present dataset after removing task-induced variance ) should allow addressing this issue. Speaking about resting-state fMRI, it would also be important using this technique to study the development of the basal ganglia circuitry. As mentioned above, our data suggest increased segregation of the cortico-basal ganglia loops during adolescence. As far as we know only very few studies have investigated this issue (Greene et al. 2014; Porter et al. 2015) and considerable further work is required, given the implication of these connectivity pathways in a variety of functions (from motor-related to executive/cognitive control functions) and neurodevelopmental disorders (e.g., Tourette syndrome and attention deficit/hyperactivity disorder).
A final issue that deserves to be discussed is the impact of head motion on age-related changes in FC. Several studies showed that head motion can introduce bias in FC metrics (Van Dijk et al. 2012; Power et al. 2012 Power et al. , 2015 Satterthwaite et al. 2012) . To mitigate the effects of in-scanner head motion, we included realignment parameters (6 rigid body motion parameters) in the preprocessing and added a motion-related parameter, mean FD, in group level, which is considered an appropriate way to reduce the impact of motion artifacts on both individualand group-level outcomes (Fair et al. 2012; Yan et al. 2013 ). In particular, Fair et al. (2012) found that inclusion of mean FD as a covariate at the group-level effectively accounted for motion, yielding similar results to those observed with another approach that effectively reduces motion artifact, namely scrubbing (i.e., removal of motion-corrupted data points). However, we preferred a modeling-based approach to scrubbing to mitigate motion-BOLD relationship, given that the latter has a drawback in that it reduces the number of degrees of freedom and thereby the statistical power. Besides, attempts to interpolate missing data when using scrubbing are not conclusive, and can even be counter-productive (Fair et al. 2012) . Accordingly, we feel confident in saying that our approach was a good compromise between controlling motion artifact in the BOLD signal in a relatively robust way and detecting the effects of our sensory manipulation with the best possible efficiency.
Concluding Remarks
In conclusion, although the proprioceptive network is already grounded on well-established topology and organization principles (long-distance communication and economy in wiring cost) in early adolescence, it is still developing (diffuse to focal shift of FC and decreased FC) during adolescence. The developmental effect was more pronounced on fronto-striatal connections, some of which (between the PUT and the prefrontal cortex) even disappearing from the network by late adolescence. In addition, changes in FC features continued beyond adolescence, although to a much lower extent. Taken together, these findings point to an extended developmental course for proprioceptive function, which has often been reported as being the attribute of higher-level functions such as social and emotional functions (e.g., Kelly et al. 2009; Jolles et al. 2011) . Examining the extent to which the development of the proprioceptive network (1) relates to structural changes (especially in gray matter), and (2) is constrained by the developmental maturation of intrinsic networks present during rest constitute some of the challenges for the future.
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